Distributed Light lilumination System 

Field of the Invention 

The invention relates to the distribution of light for illumination purposes and 
more specifically to particular light-transmissive structures configured to redirect and 
distribute light from one or more directional light sources. 

Background of the Invention 

Optically transmissive components used to transmit and redirect light from 
point light sources are widely used. Back lit panels for LCD displays are a common 
example. These mechanisms redirect light from a point light source along the panel 
by positioning a light source so that its light rays are transmitted in the panel by 
internal reflection. The light sources typically employed for the back lighting of LCD 
displays are small light-emitting diodes (LEDs). Recent advances in LED technology 
have increased the light output and efficiency of these light sources. LEDs are now 
employed for many directional lighting applications such as reading lamps, 
flashlights, headlamps, etc. LEDs are point light sources emitting light over a range 
of angles surrounding an optical axis. The directional light of an LED is easily 
adapted to directional lighting applications. However, non-directional lighting such 
as that provided by a fluorescent tube has heretofore been difficult to achieve using 
LEDs. 

U.S. Patent No. 4,422,719 to Orcutt discloses a light pipe with a translucent 
coating over a core material which allows the light transmitted axially to be 
dispersed radially around the light pipe. The translucent layer causes the entire 
width of the light pipe to be illuminated. 

U.S. Patent No. 4,466,697 to Daniel discloses another type of light pipe 
consisting of an extruded material including co-extruded reflective particles. These 
particles randomly reflect light transmitted in the light pipe so it emerges in a non- 
directional pattern. The light emitted from this prior art light pipe is random and 
consequently the entire light pipe is illuminated. U.S. Patent No. 4,195,907 to Zamja 
et al employs dispersed air bubbles in an extruded optical fiber that function similarly 
to the reflective particles of Daniel. 
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U.S. Patent No. 3,535,018 to Vasilatos discloses an optical fiber that has 
notches cut into the fiber to provide reflective surfaces. Light is emitted from the 
fiber wherever the notches interrupt the outer layer of the optical fiber. The notches 
are positioned in a random manner, causing the entire fiber to be illuminated. 

U.S. Patent Nos. 6,031,958; 6,160,948 and 6,337,946 to McGaffigan disclose 
optical light pipes with a particular pattern of reflecting surfaces arranged to produce 
a light emission pattern that looks like a laser is traversing the length of the light 
pipe. McGaffigan discloses hollow light pipes in which the inside surface of the light 
pipe is formed into a plurality of prismatic surfaces. The prismatic surfaces define a 
curved surface either on the inside or the outside of the prismatic element. The 
prismatic surfaces redirect light rays in a plurality of planes that are perpendicular to 
a tangent to the curved surface defined by the prismatic elements. This 
arrangement of optical elements creates an illusion that light is emitted from a 
centerline of the light pipe, when the light is actually emitted from an exterior 
surface of the prismatic element. The McGaffigan patents disclose a particular 
pattern of prismatic elements calculated to produce the desired laser-like light 
emission pattern. This laser-like light emission pattern may not be the most efficient 
or least costly to manufacture for an illumination system. 

Summary of the Invention 

An object of the present invention is to provide a new and improved 
illumination system including a light guide providing a uniform, non-directional, 
axially extending light emission pattern. 

This and other objects of the present invention are accomplished by 
employing a rod-like or tubular light guide whose exterior surface is divided into a 
plurality of concentric cylindrical steps. The steps decrease in diameter as they 
progress away from a light source arranged to emit divergent directional light 
longitudinally into the light guide. The outside surface of each step defines a 
plurality of inwardly directed grooves, the surfaces of which form reflecting surfaces 
that internally reflect light transmitted in the light pipe. The path of the divergent 
directional light from the LED light source is altered by reflection from the internal 
reflecting surface to a direction which allows it to escape the light distribution 
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cylinder at a point axially spaced from the light source. The light distribution 
cylinder conducts light from the LED axially until the light is diverted to an exit path 
by one of the reflecting surfaces. The result is light emitted substantially uniformly 
along the length of the light distribution cylinder in a non-directional pattern that is 
useful for illumination purposes. 

Description of the Drawings 

Figure 1 is an exterior side view of a light distribution cylinder exemplary of 
aspects of the present invention; 

Figure 2 is an enlarged partial view of the light distribution cylinder of Figure 

1 ; 

Figure 3 is a partial side view of the light distribution cylinder of Figure 1 in 
conjunction with a light source according to aspects of the present invention; and 

Figure 4 is a partial side view of an alternative light distribution cylinder in 
functional conjunction with two light sources according to aspects of the present 
invention. 

Detailed Description of Exemplary Embodiments 

Exemplary embodiments of an illumination system in accordance with aspects 
of the present invention will be described with reference to Figures 1-4. Figure 1 
illustrates an exemplary light distribution cylinder according to aspects of the present 
invention. The illustrated light distribution cylinder 10 is a molded solid rod of 
optical-grade plastic. The exterior surface 22 of the light distribution cylinder 10 is 
divided into a sequence of progressively smaller diameter cylindrical steps 14. The 
light distribution cylinder 10 has longitudinal ends 12 at a first diameter Dl. As the 
light distribution cylinder 10 progresses away from each end 12, subsequent steps 
14 have smaller diameters D2, D3. The exemplary light distribution cylinder 10 
illustrated in Figure 1 includes a sequence of three steps 14 of progressively smaller 
diameter from one end 12 to the center 24. The middle step 14 is centered on the 
center 24 of the cylinder 10. 

The outside surface 23 of each step 14 is interrupted by a plurality of V- 
shaped grooves 16. The V-shaped grooves 16 are perpendicular to the axis A of the 
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rod 10 and are defined between frustoconical surfaces 18, 18'. The frustoconical 
surfaces 18, 18' provide reflecting surfaces that internally reflect divergent light 
transmitted into the light distribution cylinder 10 from a light source 30 arranged 
adjacent the end 12 of the cylinder as shown in Figure 3. For a solid light 
distribution cylinder 10, the light source 30 is arranged with its optical axis A' aligned 
with the axis A of the light distribution cylinder. Divergent light from light source 30 
is axially transmitted down the light distribution cylinder 10 until it is internally 
reflected from a frustoconical reflecting surface 18, 18'. These reflecting surfaces 
18, 18' are arranged to redirect light to a path which will result in the light exiting 
the light distribution cylinder at a point axially spaced from the light source 30. 

The stepped configuration of the exterior surface of the light distribution 
cylinder serves to make light emission from the cylinder more uniform. The theory 
behind the increased uniformity of light emission is best explained with reference to 
Figures 5(a) and 5(b). Figure 5(b) shows a prior art cylindrical light pipe with a light 
source aligned with its axis. Divergent light from the light source impacts the 
cylinder at points E', F' axially spaced from each other and from the light source 30. 
Figure 5(a) illustrates an exaggerated stepped cylinder according to aspects of the 
present invention and a light source aligned with the axis of the cylinder. Divergent 
light from the light source impacts the stepped cylinder at points E and F, axially 
spaced from each other and from the light source. The axial distance between 
points E and F is smaller than the axial distance between points E' and P. Since the 
same quantity of light is impacting the cylinder in a smaller axial space, it follows 
that the intensity of light emission from this portion of the cylinder shown in Figure 
5(a) is brighter than the portion of the cylinder between E', F of Figure 5(b). The 
proportions of the stepped cylinder shown in Figure 5(a) are exaggerated for 
purposes of illustration. 

Figure 4 illustrates a further alternative embodiment of an illumination system 
in accordance with aspects of the present invention. The light distribution cylinder 
40 of Figure 4 is a thick-walled, hollow tube defining an axial cylindrical space 42. 
The exterior surface 22 of the light distribution cylinder 40 is configured as a 
sequence of successively smaller diameter cylindrical steps 14 having the same 
general functionality as the steps 14 of light distribution cylinder 10 of Figures 1 and 
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3. Multiple light sources 30 are arranged with their optical axes A' aligned with the 
thick wall of the light distribution cylinder 40. An object of this arrangement is to 
transmit light from the light sources 30 into the optically transmissive material of the 
light distribution cylinder 40 for axial transmission. As shown in Figure 4, divergent 
light from the light source 30 is axially transmitted in the wall of the light distribution 
cylinder 40 until it encounters a reflecting surface 18, 18' on one of the steps 14. 
The reflective surfaces 18, 18' redirect the light to a path that will cause it to exit the 
light distribution cylinder at a point axially spaced from the light sources 30. This 
arrangement produces an illuminated light distribution cylinder having a non- 
directional light emission pattern along its length. Such a pattern is useful for area 
illumination. 

The diameter of the light distribution cylinders 10, 40 is reduced in stepwise 
fashion as the cylinder progresses away from its ends 12. This bilaterally 
symmetrical configuration allows light to be input from both ends of the light 
distribution cylinder 10, 40 as shown in Figure 1. An angled, frustconical connecting 
surface 20 extends between the progressively smaller diameter steps 14. 
Frustoconical connecting surface 20 is arranged at an angle B relative to the outside 
surfaces 23 of the steps 14. Angle B is equal to the angular orientation of reflecting 
surface 18 so that connecting surface 20 provides a light-diverting internal reflecting 
surface. As best seen in Figure 2, the connecting surface forms one side of the first 
groove 16 of a subsequent reduced-diameter step 14. In this manner, substantially 
all of the stepped exterior surface of the light distribution cylinders 10, 40 serve the 
light distribution function. It should be noted that frustoconical connecting surface 
20 is angled to divert light from the light source closest to it and that connecting 
surfaces 20 of the other lateral portion of the light distribution cylinder have an 
opposite angular orientation. 

The angular orientation of the reflecting surfaces are selected so that 
divergent light from the light source 30 is incident upon the reflecting surfaces at an 
angle greater than the critical angle for the material of the light distribution cylinder 
10, 40. The determination of the critical angle, and thus, the optimal angle for 
the reflecting surfaces 18, 18' can be done by Snell's law, /7,„sin im = /?aSin 4, 
where: 



HKPC/378/US 




6 



Hm = refractive index of a specific material of the cylinder 
im = critical angle for the material 
Hg = refractive index of air 
ig = angle of refraction in air = 90° 

Critical angle for a specific material can be calculated: 

Critical Angle = sin‘^(l//j;„) 

To produce the desired total internal reflection, the angle of incidence of the 
divergent light on the reflecting surfaces 18, 18' must exceed the critical angle for 
the light distribution cylinder material. The critical angle affects the shape of the 
grooves 16 in the light distribution cylinder 10. For a groove of a given depth, a 
larger included angle between the reflecting surfaces 18, 18' results in a larger 
reflecting surface that occupies a larger portion of the cylinder exterior surface 22. 
Thus, after calculation of the critical angle and selection of the groove depth, the 
number of grooves per unit of cylinder length can be determined. The selected 
angular orientation B for the reflecting surfaces 18, 18' must account for shrinkage 
(if any) in the material used to construct the light distribution cylinder. 

According to an aspect of the present invention, the angular orientation of the 
reflecting surfaces 18, 18', once calculated, is used for all of the grooves along the 
length of the light distribution cylinder 10. For the illustrated embodiment, the 
distance between adjacent grooves 16 is approximately .5mm. 

Taken together, the structural features of light distribution cylinders 10, 40 
rearrange the divergent directional light from the light sources 30 into a 
nondirectional cylindrical radiation pattern similar to that of a fluorescent tube. 
According to aspects of the present invention, preferred light sources are light- 
emitting diodes (LEDs). These encapsulated light sources are extremely durable and 
efficient. Light distribution cylinders in accordance with aspects of the present 
invention allow LEDs and their directional divergent light to be employed in 
applications that formerly required fragile fluorescent tubes and their associated 
bulky ballast circuitry. The energy efficiency of LEDs is also an improvement over 
fluorescent lights of equivalent output. In battery-operated devices, this improved 
energy efficiency dramatically extends battery life. 
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While exemplary embodiments of the foregoing invention have been set forth 
for purposes of illustration, the foregoing description should not be deemed a 
limitation of the invention herein. Accordingly, various modifications, adaptations 
and alternatives may occur to one skilled in the art without departing from the spirit 
and the scope of the present invention. 
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